Purpose -In electronic packaging, when solid copper comes in contact with liquid solder alloy, the former dissolves and intermetallic compounds (IMCs) form at the solid-liquid interface. The purpose of this paper is to study the effect of the presence of molybdenum nanoparticles on the dissolution of copper and the formation of interfacial IMC. Design/methodology/approach -Cu wire having a diameter of 250 mm is immersed in liquid composite solders at 2508C up to 15 min. Composite solder was prepared by adding various amount of Mo nanoparticles into the Sn-3.8Ag-0.7Cu (SAC) solder paste. The dissolution behavior of Cu substrate is studied for SAC and Mo nanoparticles added SAC solders. The IMCs and its microstructure between the solder and substrate are analyzed by using conventional scanning electron microscope (SEM) and field emission SEM. The elemental analysis was done by using energy-dispersive X-ray spectroscopy. Findings -Generally, the dissolution of the substrate increases with increasing immersion time but decreases with the increase of the content of Mo nanoparticles in the solder. The IMC thickness increases with increasing the reaction time but Mo nanoparticles can hinder the growth of IMC layer. The presence of Mo nanoparticle is found to be effective in reducing the dissolution of copper into SAC solder. Originality/value -The paper shows that molybdenum nanoparticles in liquid SAC solders have a prominent effect on the substrate dissolution rate and the interfacial IMC between the SAC solder and copper substrate.
Introduction
Miniaturization of electronic devices, especially those applying ball grid array package and flip chip, demands better solder performance. Previously used Sn-Pb solder is now being replaced by lead-free solder in the electronics industry, as lead is harmful to the environment. In 2000, the National Electronic Manufacturing Initiative recommended the replacement of eutectic Sn-Pb solder by near eutectic Sn-Ag-Cu alloys. However, these solder alloys cannot guarantee the required performance especially with finer pitches, due to their demerits such as higher diffusivity and softening nature (Yeth et al., 2002) .
Interaction between the solder and substrate takes place while the solder is both in the liquid and solid states. The former is encountered during reflow while the latter happens during use or high-temperature aging tests. Interfacial reactions at the liquid solder/substrate have attracted much attention in recent years (Nowottnick et al., 2003; Mannan and Clode, 2004) .
The key issue of this is to slow down the interfacial reactions between the solder and the substrate metallization layers (Mannan and Clode, 2004) . The dissolution behavior between a metallic substrate, intermetallic compound (IMC) and the molten solder is important in the soldering process, because it may directly affect the mechanical strength and reliability of the solder joint (Yen et al., 2008) . If the metal pad or substrate reacts with solder too quickly, the device may short circuit or fail. Moreover, IMCs may become too thick and their impedance may affect the electrical conductivity of the solder joint (Glazer, 1995) . For this reason, the interfacial reaction between the solder and substrate should be slowed down.
One technique suggested for influencing the growth of interfacial IMC and the dissolution behavior of the substrate is to add suitable alloying elements (Shen and Chan, 2009) . Another approach to improve the performance of interconnects is to use a composite solder consisting of a solder matrix with an appropriate reinforcement of nanoparticles (Kumar et al., 2008 ). The refinement of solder microstructure resulting from nanoparticle additions has been reported in a number of studies (Shen et al., 2006; Lin et al., 2003; Amagai, 2008) . It has also been found that nanoparticles of Co, Ni and Pt are effective in influencing the growth of the interfacial IMC layer between Sn-based lead-free solder and the Cu substrate after reflow . Recent results show that Co and Ni nanoparticles impart their effect on the interfacial IMC through an alloying effect Laurila et al., 2010; Brewer and Lamoreaux, 1980) . The extent of the alloying effect of a particular nanoparticle is related to the solubility of that particular element in the solder (Anon, 1986) .
In this present study, the influence of molybdenum (Mo) nanoparticles on copper substrate dissolution and interfacial reaction has been studied. Molybdenum is a refractory metal with a melting temperature of 2,6238C. The molybdenum-tin phase diagram shows that Mo does not dissolve into molten tin (Kumar et al., 2006) . So, it is expected that Mo nanoparticles would influence the interfacial IMC through its particle effect. A previous study showed that the addition of Mo powder to the Pb-Sn solder increases the bonding strength with the substrate (Kumar and Tay, 2004) . The addition of Mo nanoparticles to the Sn-base solder have been found to increase the bulk mechanical properties such as microhardness, strength (Chandra Rao et al., 2009; Su et al., 1997) and strain-hardening exponent (Alam et al., 2003) . So far, there is no published work dealing with the effect of nanoparticles on the dissolution behavior of the substrate in the molten lead-free solder. A few existing studies on the dissolution behavior focus on the interaction between metal substrates and solder such as, Sn, Sn-63Pb, Sn-3.5Ag, Sn-3.5Ag-0.5Cu and Sn-0.7Cu (in wt%) (Sharif and Chan, 2004; Yeh et al., 2006; Tay et al., n.d.; Gao et al., 2009 ). The present study focuses on the microstructural morphology, IMC growth and dissolution of the copper substrate in liquid Sn-3.8Ag-0.7Cu (SAC) solder containing varying percentage of Mo nanoparticles.
Materials and methods
Commercial molybdenum nanopowder (99.8 per cent trace metal basis) was manually mixed with SAC solder paste (Indium Corporation of America) for a nominal composition of up to 5 wt%. The molybdenum nanopowder was characterized by XRD and TEM. The solder paste was manually blended with Mo nanoparticles for 30 min (Yu et al., 2005) .
Differential scanning calorimetry (DSC) measurements were conducted to find out the melting temperatures of the composite solders. Samples (10 mg) were heated to 2508C at a heating rate of 108C/min. The onset temperature in the DSC curve was taken as the melting point of the solders.
Polycrystalline copper wire (Sigma-Aldrich) having a diameter 250^2 mm was used as the substrate for studying the dissolution behavior. Prior to soldering, the wire was cleaned and dipped in 10 vol% H 2 SO 4 to remove any oxide contamination. After that the wire was thoroughly rinsed in distilled water followed by cleaning with acetone. Weighed solder paste with masses of 20.0 g were then placed in a crucible in the furnace. The paste was heated to 2508C and held at that temperature for at least 5 min to homogenize the composition. Then the substrates were dipped vertically into the solders. Three dipping times were used: 5, 10 and 15 min. After the reaction, the copper substrate was taken out from the solder bath and was investigated as explained below.
Solder samples taken out from the crucible were analyzed by inductively coupled plasma-atomic absorption spectroscopy (ICP-AAS) to determine the actual concentration of Mo into the solder.
The copper wire-solder reaction couples were crosssectioned at 2 mm away from the bottom edge of the wire and mounted in epoxy resin for metallographic preparation. The diameter of the copper wire after reaction with the liquid solder was measured under a low magnification optical microscope. Diameter measurement was done on at least three different samples at eight different locations and the average value is reported here. The interfacial microstructure between the solder and substrate was examined by backscattered electron detector under a scanning electron microscope (SEM). The elemental analysis of the phases was carried out using energy-dispersive X-ray spectroscopy (EDX). The thickness of the interfacial IMC was measured from area analysis by using the built-in software in an Olympus SZX10 stereoscope. From each image, one average value for the IMC thickness was taken by using area analysis. For each test condition, at least five samples at randomly selected positions were utilized to calculate the average value of IMC thickness.
To determine the distribution of Mo nanoparticles, solders were also prepared on commercial polycrystalline copper sheets (30 £ 30 £ 0.3 mm). The sheets were cleaned with 10 vol% H 2 SO 4 followed by acetone. After surface preparation, the composite solder paste was placed on the copper substrate through a mask having an opening diameter of 6.50 mm and 1.24 mm thickness (JIS Z3198-3, 2003) . Then the composite solder paste was reflowed on a hot plate at 2508C for 45 s and 5 min. To expose the top surface of the interfacial IMC, the solder samples were chemically etched for 24 h with (93 per cent CH 3 OH þ 5 per cent HNO 3 þ 2 per cent HCl) (Yen et al., 2008) . The microstructure and elemental analysis were carried out with a conventional SEM, field emission SEM (FESEM) (Zeiss Ultra-60 FESEM) and EDX (EDAX-Genesis Utilities). For observing and analyzing the nanoparticles, an in-lens detector was used in the FESEM with an EHT voltage of 10 kV. The working distance was 7.2 mm. Using these parameters, the samples were magnified by up to 50,000 times for microstructural investigations.
Results
A TEM micrograph and the histogram of the size distribution of Mo nanoparticles are shown in Figure 1 . More than 250 particles were used for calculating the particle size distribution. Results show that the size of the Mo nanoparticles lie between 20 and 100 nm, although a few particles as big as 200 nm could be found. However, the frequency of the particles having a size of more than 200 nm is quite low. The weighted average of the size distribution shows that the average size of Mo nanoparticles was 70 nm. Figure 2 shows the spatial distribution and elemental mapping of Mo nanoparticles into the solder paste before the reflow process. It has been seen from Figure 2 (a) and (d) that most of the nanoparticles are almost homogeneously dispersed into the flux contained in the solder paste. Some of the nanoparticles had also adhered themselves onto the surfaces of SAC solder balls as shown in Figure 2 (a) and (c). Table I shows the molybdenum content of the nanocomposite solder as determined by ICP-AAS after the reflow. Results showed that the actual concentration of Mo in the solder was 0.10 and 0.30 wt% for the nominal addition of 2 and 5 wt% Mo, respectively. The rest of the Mo was found in the flux residue. So hereafter, actual Mo concentration would be used to designate the solder and n-Mo would be used to indicate the Mo nanoparticles. Solders containing 0.10 and 0.30 wt% of Mo would be written as (SAC þ 0.10 n-Mo) and (SAC þ 0.30 n-Mo), respectively.
Figure 3(a) shows the DSC curves for SAC and nanocomposite solders. The onset melting temperature of the SAC solder is 217.18C. This result is consistent with other reported results (Shen et al., 2006; Qi, 2005) . The addition of Mo nanoparticles is seen to cause a slight decrease in the onset melting temperature (Figure 3(b) ). With the addition of 0.30 wt% Mo into the SAC solder, the onset melting point drops from 217.1 to 215.58C. Addition of Mo nanoparticles is found to broaden the peaks and lead to the occurrence of a shoulder at the higher temperature side of the melting peak. Figure 4 shows the cross-sectional views of copper wires after dipping in liquid solder maintained at 2508C for different time periods. It is seen that, with increasing dipping time, the diameter of the copper decreases in SAC and (SAC þ Mo) solders. The diameter of the wire dipped in (SAC þ Mo) solder is higher at all dipping periods. The relationship between the dissolved thickness of copper in the molten solders and dipping time is shown in Figure 5 . This figure reveals that the dissolution of the substrate increases almost linearly with increasing immersion time. A linear relationship between copper dissolution rate and dipping time for different solders was also reported by others (Yen et al., 2008; Gao et al., 2009) . It was also found that the dissolution of the copper substrate was higher in the SAC solder compared with that in the (SAC þ Mo) solders.
It is thus seen that the presence of Mo nanoparticles in the molten solder decreases the dissolution of copper wire. Figure 6 shows the dissolution rate of copper calculated from Figure 5 for different solder compositions. The dissolution rate of the copper substrate in SAC solder at 2508C is 3.1 mm/ min. Yen et al. (2008) found the dissolution rate of copper in Sn-3.0Ag-0.5Cu solder at 2708C was 2.95 mm/min. This is in good agreement with the results of the present study. With the addition of molybdenum nanoparticles to the liquid solder for an actual concentration of 0.30 wt%, the dissolution rate of the copper goes down to 2.2 mm/min. A linear relationship between copper dissolution rate and dipping time for different solders was also reported by others Yen et al. (2008) and Gao et al. (2009)) . Figure 7 shows a backscattered electron image of the solder-copper interface under different conditions. It can be seen that IMCs form in all samples. For the SAC/Cu interface, the IMC formation is quite pronounced. At shorter dipping times, only Cu 6 Sn 5 IMC forms. Cu 3 Sn IMC appears after about 10 min of dipping. The Cu 6 Sn 5 has a scallop-type morphology. The thickness of the IMC is seen to be much lower for (SAC þ 0.30 n-Mo) solder. No Cu 3 Sn appears to be present for both dipping periods in (SAC þ 0.30 n-Mo) solder.
Thus, the addition of molybdenum nanoparticles results in thinner IMC layers. The total IMC thickness is plotted as a function of dipping time in Figure 8 . It is observed that the presence of Mo in the liquid solder hinders the growth of IMC layers. For 15 min dipping of copper wire in the SAC solder, the thickness of the IMC layer was around 6 mm. But with the presence of 0.30 wt% molybdenum nanoparticle in the SAC solder, the IMC thickness dropped to a value of about 4 mm. It should be noted that the IMC thickness is measured from area analysis by using the built-in software in a stereoscope (Olympus SZX10) and it was found that the standard deviation among the values of the IMC thickness was quite small (,0.6). Figure 9 shows the plan view of the solder samples after reflow. The solder samples were deep etched to reveal the IMC layer. EDX elemental analysis identified that the IMC scallops were Cu 6 Sn 5 . The scallop-shaped Cu 6 Sn 5 IMC grains have a rounded appearance in both SAC and (SAC þ Mo) solders. Some bright particles were found on the top surface of the Cu 6 Sn 5 IMC. EDX analysis revealed these particles to be Ag 3 Sn. The formation of Ag 3 Sn on Cu 6 Sn 5 has also been reported for the Sn-based solder on copper and nickel substrates after reflow by others Chernyshev (2009) .
Elemental analysis was performed on the randomly selected positions of the top surface of the Cu 6 Sn 5 IMC. Molybdenum was found on the top surface of the Cu 6 Sn 5 in the samples containing the nanoparticles. Figure 10 (e) shows the spatial distribution of molybdenum nanoparticles on the top surface of Cu 6 Sn 5 IMC in the (SAC þ 0.10 n-Mo) solder. It was found that molybdenum was distributed all over the surface of IMC. Some spots with a higher than average concentration of molybdenum were also observed. EDX analysis over an area on the multiple spots on the IMC showed that the concentration of molybdenum varied between 3 and 3.5 wt%.
It may be noted that the appearance of the samples in plan view after deep etching depends on the location. This is due to the variable extent of etching at different locations. At places where the etching of solder was not totally complete, some Ag 3 Sn particles could be seen (Figure 9(a) ), while in places where etching was more or less complete, a cleaner image of Cu 6 Sn 5 could be found (as in the case of Figure 9(b) ). In order to investigate the presence of molybdenum nanoparticles on the IMC, high-resolution FESEM was conducted on a few samples. In particular, locations undergoing incomplete etching were closely examined to identify the presence of molybdenum nanoparticles. One such location is shown in Figure 11(a) .
On the top surface of Cu 6 Sn 5 IMC, two types of white particles with a bright appearance were observed. One type of particles had an irregular white shape. The EDX analysis confirmed that these irregular shaped particles were Ag 3 Sn.
These irregular shaped Ag 3 Sn particles had an aggregate-type microstructure. On the other hand, another type of white particle, almost a perfect spherical shape, was observed in between the agglomeration of Ag 3 Sn. EDX (EDAX-Genesis Utilities) analysis confirmed that these spherical-shaped particles were molybdenum nanoparticles. It may be noted that the shape of the molybdenum nanoparticles on the IMC surface is the same as the starting particles, as revealed by TEM (Figure 1(a) ).
Discussion
The experimental results obtained in this study reveal that the presence of molybdenum nanoparticles in molten SAC has a definite influence on the interaction between the copper substrate and the SAC, i.e. on the growth of interfacial IMC. The presence of molybdenum nanoparticles slows down the dissolution of copper, decreases the thickness and in-plane grain size of Cu 6 Sn 5 and suppresses the formation Cu 3 Sn. In order to speculate the mechanism(s) through which molybdenum nanoparticles exert their influence, one needs to understand the state of the molybdenum nanoparticles in liquid SAC. Figure 2 shows the distribution and elemental mapping of molybdenum nanoparticles in the SAC solder paste after 30 min of mixing with a nominal composition of 2 wt% molybdenum. It may be noted that the solder paste consisted of a flux in which SAC solder balls were dispersed. After the addition and mixing of nanoparticles, the molybdenum The molybdenum nanoparticles used in this study had an average particle size of 80-150 nm. Results reported in the literature suggest that smaller particle size in the nanometer range can lower the onset melting temperature (Sheng et al., 1998; Liu et al., 2008; Nishikawa et al., 2009) . However, if the particle radius is more than about 5-10 nm, then the depression in melting temperature is not significant (Liu et al., 2008) . Since the particle size of molybdenum used in this experiment was much bigger, it is unlikely that molybdenum nanoparticles undergo melting in the present work, where the nanoparticles interact with molten SAC solder maintained at a temperature of 2508C. The molybdenum-tin phase diagram (Kumar et al., 2006) shows that there is almost no solubility of molybdenum in molten Sn. Therefore, in the present experiments, molybdenum nanoparticles are expected to remain undissolved in the molten SAC.
A number of researchers have studied the melting behavior of nanocomposite solders (Shen et al., 2006; Lin et al., 2003; Subramanian and Laughlin, 1990 ). The addition of SiC (Subramanian and Laughlin, 1990 ) and carbon nanotubes (Shen et al., 2006) was found to lower the onset temperature by few degrees. Moreover, the onset temperature decreased to a greater extent as more nanoparticles were added to the solder. These observations are similar to what has been observed in the present study. It may be mentioned that in the above-reported studies, the nanoparticles used (such as SiC and carbon nanotubes) were inert and unlikely to dissolve in the solder. Thus, the depression in onset temperature cannot be attributed to a dissolution or alloying effect. No mechanism for such depression in onset temperature has been confirmed. However, some sort of increased surface instability caused by the higher surface energies of nanoparticles has been suggested as a possible reason (Shen et al., 2006; Subramanian and Laughlin, 1990) . It is possible that higher interfacial energy could cause an early melting at the solder/nanoparticle interface which led to lower onset temperature. It was also observed that the addition of molybdenum nanoparticles led to the occurrence of a shoulder on the higher temperature side of the melting phase of the DSC curve. It may be noted that for the DSC heating rate used in the present study, 108C/min, no shoulder was obtained for SAC by others (Baren, 1990) . The DSC curve obtained for SAC in the present study is consistent with the earlier results. The occurrence of shoulders and the broadening of the melting phase brought about by molybdenum nanoparticles indicates that the presence of these particles change, to some extent, the melting behavior of the solder.
The molybdenum-tin phase diagram further suggests that as many as three IMCs, e.g. Mo 3 Sn, Mo 2 Sn 3 /Mo 3 Sn 2 and MoSn 2 can exist in the Mo-Sn system at the temperature used in this study (Kumar et al., 2006) . On the other hand, coppermolybdenum and silver-molybdenum phase diagrams (Wang et al., 2009; Zhai et al., 1999) show that molybdenum does not form any compounds with copper and silver at the reaction temperature of 2508C. Mo-Cu and Mo-Ag are also not mutually soluble in the solid state. So when the molybdenum nanoparticles are mixed with the SAC solder paste and heated at 2508C, the molybdenum nanoparticles remain solid in a pool of molten SAC solder. As has been seen in Figure 11 (a), the original nearly perfect spherical shape of molybdenum particles was retained even after reflow. This indicates that the particles did not undergo any detectable change in morphology, through reaction or dissolution. It is therefore thought that no dissolution of molybdenum has taken place under the present experimental conditions. However, the formation of a thin Mo-Sn IMC layer on the molybdenum nanoparticles, which does not disrupt the surface morphology cannot be ruled out. This issue requires further investigation.
The state of molybdenum nanoparticles is in contrast with that of cobalt and nickel nanoparticles in tin-based solder. It was observed that both cobalt and nickel nanoparticles enhance the growth of Cu 6 Sn 5 but impede the growth of Cu 3 Sn Laurila et al., 2010; Yu et al., 2005) . It may be noted that a similar effect on IMC was noticed when cobalt or nickel was added to tin-based solder as alloying additions (Anon, 1986; Gagliano and Fine, 2003) . It was therefore suggested Anon, 1986 ) that nanoparticles of these metals actually dissolve in SAC during reflow and impart their influence through an alloying effect. Molybdenum, with no solubility in tin, is not likely to have any alloying effects. Therefore, the influence that molybdenum nanoparticles have shown should be explained through a particle effect. The occurrence and distribution of molybdenum nanoparticles in the IMC, and in its neighborhood, were investigated both in cross-sections and plan views. Under SEM, in the crosssectional view of the solder/substrate interfaces, no molybdenum was found to be embedded in Cu 6 Sn 5 . However, extensive observations on the surface of the Cu 6 Sn 5 layer at various locations in the plan view samples revealed that molybdenum nanoparticles were distributed all over the IMC surface. The distribution, however, was not perfectly uniform. Some places showed the presence of more particles compared with others.
With the information available so far, a qualitative description of mechanisms through which molybdenum nanoparticles can have their influence will be put forward. The reduction in the size of the scallop diameter of the Cu 6 Sn 5 IMC (Figure 9 ) is thought to be related to enhanced heterogeneous nucleation. Molybdenum nanoparticles are suggested to act as heterogeneous nucleation sites and increase the density of nucleation as compared with SAC. The lower rate of dissolution of copper ( Figure 6 ) and lower rate of growth of IMC (Figure 7 ) in (SAC þ Mo) solder are suggested to be related to the preferential adsorption of nanoparticles on the IMC surface (Kumar et al., 2008; Kim and Tu, 1996) .
The reaction between copper and liquid solder takes place through the simultaneous formation of IMC and dissolution of copper. It has been suggested (Dybkov, 1998) that the growth of Cu 6 Sn 5 scallops take place at the Cu 6 Sn 5 /solder interface. Copper from the substrate diffuses out, particularly through the (Barmak et al., 2007) . The dissolution rate of copper has been expressed by Dybkov (1998) :
where k is the dissolution rate constant, S is the surface area of the substrate, V is the volume of the molten solder, C s is the equilibrium concentration of Cu substrate in the solder and C is the concentration of the substrate at the reaction temperature. Previous results suggested that the alloying element has a small effect on the value of dissolution rate constant k [39]. Since molybdenum does not dissolve into the solder, it can be expected that the addition of nanoparticles such as molybdenum to the SAC solder would not significantly change the value of k. Again, V is also constant in the present case. Therefore, the dissolution rate will depend upon the area at the growth front S, and the concentration of copper in the solder in the immediate vicinity of the Cu 6 Sn 5 /solder interface C. EDX results in the present study suggest a preferential absorption of molybdenum nanoparticles on the IMC surface ( Figure 10) . Such absorption will block a part of the surface and reduce the effective area available for reaction. Absorption of nanoparticles will also clog the channels between the scallops. This reduction in effective surface area is expected to lead to a lower dissolution rate, as has been observed in the present study. The surface blockage will also hamper the transfer of tin atoms to the growth front. This will lead to a lower thickness of IMC, which has been found in this study. 
Conclusion
This study shows that molybdenum nanoparticles in liquid SAC solders have a prominent effect on the substrate dissolution rate and the interfacial IMC between the SAC solder and copper substrate. The following conclusions can be drawn based on this study:
.
There is no notable change in the melting temperature for the addition of molybdenum nanoparticles into SAC solder.
. The presence of molybdenum nanoparticles in molten solder reduces the dissolution of the copper substrate. The dissolution rate of copper decreases as the percentage of molybdenum nanoparticles increases.
. Molybdenum nanoparticles retard the growth of the interfacial IMCs at the solder/substrate interface. The diameter of the Cu 6 Sn 5 scallops is lower in the SAC solder with added molybdenum nanoparticles. Molybdenum nanoparticles also tend to suppress the formation of Cu 3 Sn.
